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a b s t r a c t

We investigate the impact of electrochemical doping on the frequency of the Gþ-mode of a selection of
polymer-sorted, nearly monochiral and semiconducting single-walled carbon nanotubes (SWCNTs) via
in-situ Raman spectroscopy of ambipolar electrolyte-gated SWCNT network transistors. The purified
semiconducting nanotubes have small diameters from 0.76 nm to 1.39 nm. In contrast to previous
experimental data on large diameter nanotubes and current electron-phonon coupling theories, we find
a pronounced red-shift (phonon softening) of the Gþ-mode at low to medium hole concentrations before
an upshift is observed for larger hole concentrations. The effect is largest for those nanotubes with the
smallest diameters. The pronounced dependence of these frequency shifts on the diameter of the
semiconducting SWCNTs suggests that curvature effects start to play a significant role and should not be
neglected.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Sorted, semiconducting single-walled carbon nanotubes
(SWCNTs) have become a competitive material for field-effect
transistors (FETs) [1,2], simple integrated circuits [3e6] and other
(opto-) electronic applications [7,8]. Due to the recent progress of
sorting and purification techniques - especially selective dispersion
with certain conjugated polymers [9] - it is nowadays possible to
create almost monochiral networks or thin films of semiconducting
SWCNTs and apply them in FETs with high charge carrier mobilities
and high on/off ratios [10,11]. Apart from the obvious practical
advantages this also enables fundamental investigations of charge
transport in such networks, which was not possible before due to
the lack of well-controlled samples. One major question is the
impact of accumulated charges (holes or electrons) on the optical
and electronic properties of SWCNTs depending on their chirality
and diameter. Several groups have shown absorption bleaching
[12,13], photoluminescence quenching and trion formation [14,15]
in thin films of sorted semiconducting SWCNTs upon chemical or
electrochemical doping. From the beginning Raman spectroscopy
has been one of the most versatile and non-invasive tools to
umseil).
investigate electron-phonon coupling in carbon allotropes such as
graphene [16e19] and carbon nanotubes [20e24]. Because lattice
vibrations have a large impact on charge transport at room tem-
perature and are themselves highly sensitive to charges, under-
standing the impact of doping on Raman modes is valuable to
further investigate transport in SWCNTs. Indeed, Raman micro-
scopy has already been successfully applied to spatially map the
charge carrier density in operating SWCNT network FETs [23,25,26]
by using characteristic mode shifts as indicators for doping.

For graphene the dependence of Raman mode intensities and
peak shifts on charge carrier densities are well understood and can
be fully described by theory [17,18,27e29]. Similar experiments
were carried out for individual metallic and semiconducting
SWCNTs [22,30e34], as well as nanotube ensembles [24e26,35].
However, here the picture of electron-phonon coupling is less clear,
mostly because of the difficulty to obtain pure samples of only one
nanotube species or the low signal strength for single nanotubes.

Electrochemical doping or electrolyte-gated transistors are
often used to controllably tune the charge carrier density and Fermi
level in carbon nanotubes over a wide range instead of electrostatic
or chemical doping. For electrolyte-gating, the gate dielectric of a
field-effect transistor is replaced by an electrolyte (e.g. ionic liquid
or iongel) containing mobile anions and cations [36]. After appli-
cation of a gate potential the ions move and form electric double
layers (EDL) on the gate electrode and the semiconductor (e.g.,
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nanotubes) with extremely high capacitances. Thus, large charge
carrier concentrations can be accumulated at low voltages (<3 V)
leading to the corresponding source-drain currents. The gate
electrode does not have to be located above or below the channel
but can be on the side (side-gate), which gives easy optical access to
the channel for in-situ analysis such as Raman spectroscopy. For
nanotube networks electrolyte-gating is particularly useful as it
ensures efficient charging of the entire network, although, the
effective capacitance is usually limited by the quantum capacitance
of the carbon nanotubes [37]. Overall, electrolyte-gated transistors
enable in-situ Raman spectroscopy in a convenient and compact
setup during controlled accumulation of holes and electrons in
networks of semiconducting SWCNTs.

The most important Ramanmodes of SWCNTs are the diameter-
dependent radial breathing mode (RBM, 100e350 cm�1), the D-
mode (~1350 cm�1), the 2D-mode (2600e2700 cm�1) and the
tangential modes Gþ (~1590 cm�1) and G� (1530e1580 cm�1) [38].
While all these modes decrease in intensity with charge accumu-
lation [20e22,24,25,39] the impact of charging on their specific
frequency and linewidth is non-trivial. In particular the behaviour
of the Gþ- and G�-mode of semiconducting nanotubes for hole and
electron doping and its diameter-dependence is still under inves-
tigation. So far the general agreement is that hole doping always
leads to an upshift of the Gþ-mode [22,30,32]. This upshift is
explained with the combination of non-adiabatic (dynamic) effects,
that arise from electron-phonon coupling, and (static) lattice-
relaxation effects [30]. Any type of added charge carrier (hole or
electron) reduces the screening of phonon vibrations and thus re-
sults in a renormalization of the phonon energy of the nanotube
and thus in a blue-shift of the Gþ-mode. In addition, the change of
the lattice parameters (i.e. CeC bond length) with doping has to be
considered. In general it is assumed that hole doping always leads
to contraction of bonds and phonon stiffening, thus further adding
to the upshift of the Gþ-mode. As the dynamic phonon renormal-
ization is reduced for smaller diameter SWCNTs [22] due to their
larger bandgap, the upshift of the Gþ-mode with hole-doping is
expected to be lower for nanotubes with smaller diameters, which
was also found experimentally [33]. For electron doping the lattice
relaxation effect appears to depend on the chirality [40] and
diameter of the nanotubes. Both, phonon softening as well as
stiffening are possible. Together with the diameter dependence of
the dynamic phonon renormalization this may lead to an overall
red-shift or a blue-shift depending on electron concentration
[33,41,42]. The G�-mode is expected - and was shown - to blueshift
more than the Gþ-mode for hole doping [30]. Further, the linewidth
(G - full width at half maximum, FWHM) was predicted to stay
constant with doping but was found to increase slightly in exper-
iments possibly due to inhomogeneous broadening [22,30].
Importantly, current theoretical models for dynamic and static ef-
fects of electron-phonon coupling in SWCNTs only partially take
the diameter of the nanotubes into account. In particular the cur-
vature effects [43e45] of very small diameter nanotubes have not
yet been considered. For most of the available experimental data on
Gþ-mode shifts this was not yet necessary because the investigated
semiconducting SWCNTs had diameters (d) of larger than 1.3 nm.

In this study we used networks of small diameter semi-
conducting nanotubes with defined chiralities to determine the
doping-dependent Gþ-mode shifts in electrolyte-gated transistors.
Specifically we used (6,5) (d ¼ 0.76 nm), (7,5) (d ¼ 0.83 nm), (10,5)
(d ¼ 1.05 nm) and mixed larger diameter (d ¼ 1.07e1.39 nm)
SWCNTs, that were all sorted by selective polymer dispersion. The
impact of hole and electron doping on the Gþ-mode for this
diameter range of SWCNTs has not been studied before and de-
viates significantly from that for large diameter nanotubes.
Importantly, we observed a red-shift (phonon softening) of the Gþ-
mode for low concentrations of accumulated holes before the
typically expected blue-shift (phonon stiffening) was found for
larger hole concentrations. This red-shift was most pronounced for
nanotube with very small diameters. These experimental results
cannot be explained with the current theories for electron-phonon
coupling in carbon nanotubes and should give incentives for more
detailed theoretical models.

2. Experimental

2.1. Preparation of SWCNT dispersions

Selective dispersion of single-walled carbon nanotubes by
polymer wrapping [9,46,47] was applied to obtain purely semi-
conducting and in some cases almost monochiral samples.
Different commercial SWCNT sourcematerials were used: CoMoCat
nanotubes (Sigma Aldrich, #704148, diameter distribution
0.7e0.9 nm) for (6,5) and (7,5) SWCNTs, HiPCO SWCNTs (Unidym™,
Lot# P2172, diameter distribution 0.8e1.2 nm) for (10,5) SWCNTs,
and plasma torch grown SWCNTs (NanoIntegris Inc., RN-220,
diameter distribution 0.9e1.7 nm) for mixed large diameter
SWCNTs. Four different conjugated polymers were used for selec-
tive dispersion: poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,60)-
(2,20-bipyridine))] (PFO-BPy, American Dye Source, Mw ¼ 34 kg/
mol) for (6,5) SWCNTs, poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO,
Sigma Aldrich, Lot# MKBV7322V) for (7,5) SWCNTs, poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)]
(F8BT, Cambridge Display Technologies, Mw ¼ 71 kg/mol) for (10,5)
SWCNTs and poly(9,9-didodecylfluorenyl-2,7-diyl) (PF12, Sigma
Aldrich, Mw ¼ 10 kg/mol) for mixed semiconducting large diameter
SWCNTs. Briefly, 1.5 mg/ml of SWCNT starting material were added
to a toluene solution containing 2 mg/ml of polymer. After 50 min
of bath sonication at a constant temperature (20 �C), the disper-
sions were centrifuged at 60,000 g for 45 min. The supernatant was
collected and SWCNTs were pelletized by ultracentrifugation
(284,600 g, >14 h). The purified SWCNT pellet was washedmultiple
times with toluene and tetrahydrofuran prior to redispersion in
fresh toluene.

2.2. FET fabrication

Bottom source-drain electrodes (interdigitated, channel width
W ¼ 20 mm, channel length L ¼ 20 mm) were patterned on glass
substrates (Schott AF32 eco, 300 mm) using standard photolithog-
raphy combined with electron-beam evaporation of 2 nm chro-
mium and 30 nm gold followed by lift-off and solvent cleaning. A
large gold electrode pad (1.5 � 1.5 mm2) next to the electrodes was
patterned at the same time and later used as a side-gate. The pu-
rified and washed SWCNT pellets were redispersed in toluene by
bath sonication (20 min). The (6,5), (7,5) and large diameter
SWCNTs were deposited by an AC dielectrophoretic deposition
method at very low frequency (~0.1 Hz). Substrates were immersed
in an SWCNT dispersion and a bias (80 V) was applied between
source and drain electrode for 10 s. Then the polarity of the bias was
reversed (�80 V) and applied for another 10 s. This was repeated
four times. Due to the much lower yield of dispersion, the (10,5)
SWCNTs were deposited and aligned between the electrodes by
electrophoretically assisted drop-casting as described before [48].
Both deposition techniques led to dense and semi-aligned net-
works of SWCNT bundles with comparable density as confirmed by
atomic force microscopy. All substrates were rinsed thoroughly
with tetrahydrofuran and isopropanol after the deposition pro-
cedure to remove residual polymer. The films were annealed for
30 min at 300 �C in a dry nitrogen atmosphere to eliminate
adsorbed oxygen andwater. A solution of the ionic liquid 1-ethyl-3-
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methyl-imidazolium-tris(pentafluoroethyl)-trifluoro-phosphate
([EMIM][FAP]), the polymer poly(vinylidene fluoride-co-hexa-
fluoropropylene) (P(VDF-HFP), Sigma Aldrich, Mw ~400 kg/mol)
and acetone (4:1:14 by mass) was spin-coated on top of the sub-
strates to form a thin iongel [49]. Surplus iongel around the active
area was removed with acetone. Before encapsulation the sub-
strates were annealed again in a dry nitrogen atmosphere at 80 �C
for 12 h to remove residual solvent. A thin glass slide was placed on
top of the substrate and sealed by UV-curing glue (Delo Katiobond
LP655) with low dose exposure at 400 nm (DELOLUX 20).
2.3. Characterization

SWCNT dispersions were characterized by absorption spec-
troscopy (Varian Cary 6000i, UVeviseNIR). Current-voltage char-
acteristics of the transistors were recorded with an Agilent 4155C
semiconductor parameter analyzer with hold-times of 30 s before
the measurements to ensure equilibration. Atomic force micro-
graphs of the channel regions were recorded in tapping-mode
(AFM, Bruker Dimension Icon) before applying the iongel but af-
ter high temperature annealing. Photoluminescence excitation-
emission maps were obtained by exciting the SWCNT networks
within the final device with the wavelength selected output of a
supercontinuum laser source (WhiteLase SC400, Fianium Ltd.) and
detection with an Acton SpectraPro SP2358 spectrometer (grating
150 lines/mm) and a liquid nitrogen cooled InGaAs line camera
(Princeton Instruments, OMA-V:1024 1.7). The obtained signal was
calibrated for sensitivity of the detection system and incident laser
power.
Fig. 1. Schematic device structure of electrolyte-gated SWCNT transistor (side gate
electrode not shown) and setup for in-situ Raman spectroscopy with [EMIM][FAP] as
the ionic liquid of the iongel. The AFM image shows the density and alignment of (6,5)
SWCNTs in the transistor channel (channel length L ¼ 20 mm) after electrophoretic
deposition. For a photograph of the final device structure see Supplementary Infor-
mation Fig. S8. (A colour version of this figure can be viewed online.)
2.4. Raman measurements

Raman spectra and maps during device operation were recor-
ded with a Renishaw inVia confocal Raman microscope in back-
scattering configuration with a �50 long working distance
objective (Olympus, N.A. 0.5). For better Raman signal intensity, the
laser polarization was kept parallel to the semi-aligned SWCNTs.
Maps were recorded in StreamLine™ measurement mode with the
laser beam broadened by a line-lens. This measurement mode
reduced laser-induced heating of the sample and decreased the
acquisition time per spectrum. The typical laser power was well
below 1 mW/mm2, the average dwell time was between 60 and
100 ms per spectrum. Any local increase of temperature above
100 �C would melt the iongel, which would be instantly visible. We
can thus exclude significant heating of the SWNT thin films and any
impact on the G-mode position. For initial film characterization an
area of 250 � 18 mm2 was scanned with three different lasers
(532 nm, 633 nm and 785 nm). Approximately 3000 spectra were
collected, averaged and baseline-corrected. During gate-voltage
dependent measurements, a constant gate-voltage (VG) was
applied for ~75 s before starting the Raman measurements to
achieve equilibration of the electric double layer. The (6,5), (7,5),
(10,5) and mixed large diameter SWCNTs were measured in reso-
nance with a 532 nm, 633 nm and 785 nm laser, respectively. An
area of 50 � 18 mm2 (spatial resolution 1.3e1.4 mm, limited by the
instrument configuration in Streamline™ mode) was mapped for
each VG step. Approximately 500e600 spectra were collected and
analyzed for each gate-voltage. During the measurements, a low
drain bias was applied (VD ¼ �10 mV). All Raman spectra were
linear baseline corrected and the SWCNT Raman features, namely
D, G�, E2 (if detectable), Gþ- and 2D-mode were fitted with a
combination of 1e3 linearly combined Lorentz functions by a self-
written software.
3. Results and discussion

We investigated four different types of semiconducting nano-
tube samples with different small diameters from 0.76 nm (i.e.,
(6,5) nanotubes) to 1.39 nm (i.e., largest SWCNTs in a mixed plasma
torch sample). The purity of the polymer-sorted SWCNT disper-
sions, that is, single chirality and absence of any metallic SWCNTs,
was confirmed by absorption spectroscopy prior to nanotube
deposition (see Supplementary Information, Fig. S1). The absorp-
tion spectra of the examined SWCNT dispersions showed the
characteristic, E11 and E22 transitions as well as phonon side bands
for (6,5), (7,5) and (10,5) SWCNTs, respectively, and only very small
amounts of other semiconducting nanotubes, such as (7,6). The
dispersions of large diameter plasma torch SWCNTs showed the
characteristic E11, E22 and E33 transitions of semiconducting nano-
tubes and no absorption peaks for metallic SWCNTs (600e750 nm).
The deposited networks were further characterized by collecting
photoluminescence excitation-emission maps and Raman spectra
averaged over large areas for different excitation wavelengths (see
Supplementary Information Fig. S2 and S3eS7) that again
confirmed the majority chiralities and SWCNT diameters. All sam-
ples were of high enough purity to exclude any effects by metallic
nanotubes. This exclusion is of particular importance as metallic
nanotubes show characteristic G-mode changes with a red-shift at
low carrier concentrations (Kohn anomaly effect [31,50]) followed
by a blue-shift at higher doping levels [22,50,51]. The resonant
Raman spectra obtained here always originated from a single
chirality for the small diameter SWCNTs or a range of purely
semiconducting SWCNTs for the large diameter samples. The
absence of metallic SWCNTs was confirmed by the lack of resonant
RBM-modes for the respective diameter range according to the
Kataura plot [52] and by the characteristic G-mode line shape [38].

Fig. 1 presents a schematic side-view of the employed
electrolyte-gated transistor geometry with an iongel based on the
ionic liquid [EMIM][FAP] as the electrolyte and a representative
atomic force micrograph (AFM) indicating the density of the semi-
aligned semiconducting SWCNT network (see Supplementary In-
formation, Fig. S9 for other networks). Note that the observed G-
mode shifts should be independent of the degree of SWCNT
alignment. However, alignment creates comparable film mor-
phologies for SWCNTs from different sources and increases the
Raman signal intensity for parallel laser polarization. The gate-
voltage was applied via a large gold side-gate electrode pad close
to the source-drain electrodes (not shown here) similar to previous
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experiments [25,26]. The encapsulation ensured ambipolar trans-
port while enabling a convenient measurement setup in air. Note
that the deposition of the iongel followed by encapsulation did not
change the Raman Gþ-mode of the networks (see Supplementary
Information, Fig. S10).

All samples (see Fig. 2) showed the typical low-voltage opera-
tion (VG ¼ ±3 V) and high on-currents for electrolyte-gated SWCNT
network transistors [15]. Because of the slow movement of ions
through the iongel polymer matrix, transistors were measured at a
slow VG sweep rate of approximately 2.5 mV/sec to minimize
hysteresis (solid lines). These transfer characteristics demonstrate
balanced charge transport for holes and electrons and high on/off
current ratios (>104) for all samples with different diameters of
SWCNTs at low drain voltages (VD) of �10 mV. The transfer char-
acteristics of the large diameter nanotube network transistors
indicate the beginning of filling the second subband (decrease and
increase of transconductance) at higher gate-voltages, as observed
by Shimotani et al. for similar diameter distributions [12].

The difference between on and off currents becomes even
clearer (on/off ratio ~106) when the iongel transistors were allowed
to equilibrate longer after the gate-voltage was applied (e.g. 3 min,
see Fig. 2, solid squares - drain current data points after each Raman
map at a given gate-voltage) and capacitive currents had decreased
substantially. The high on/off ratios again confirmed the absence of
metallic SWCNTs in these dense networks. In all cases the charge
neutral point was around VG ¼ 0 V indicating almost intrinsic
behaviour without any oxygen doping. The charge carrier density
for holes and electrons in all of these nanotube networks could be
tuned continuously, although a precise quantification of carrier
concentration or Fermi level was difficult due to the complex
interplay of SWCNT quantum capacitance and potential-dependent
formation of electric double layers in iongels.

Electrolyte-gating in side-gate geometry enabled direct optical
access to the channel region of the transistor during device oper-
ation as previously demonstrated [26]. Averaged resonant Raman
spectra were collected over large areas for each applied gate-
voltage and for each SWCNT sample to determine the Gþ-mode
shift for hole and electron accumulation. Fig. 3aed shows the
averaged Raman spectra of each SWCNT network in the neutral
state (G-mode and RBM (inset) region only) corroborating the
purity of the networks. The Raman shifts for the Gþ-mode (u(Gþ))
for as-deposited networks were 1589 cm�1 (6,5), 1591 cm�1 (7,5),
1587 cm�1 (10,5) and 1586 cm�1 (mixed SWCNT), respectively. The
diameter dependent splitting between the Gþ- and G�-mode was
in good agreement with literature [53,54]. For the (6,5) and (7,5)
networks we could also observe the E2-mode [55,56] at about
1545 cm�1. For gate-voltage dependent Raman spectra (increments
Fig. 2. Transfer characteristics (solid lines) of iongel-gated SWCNT transistors with polym
measured after each recording of Raman maps (solid squares). Gate-source currents (leakag
figure can be viewed online.)
of 200 mV) a channel area of 50 � 18 mm2 was mapped after an
equilibration time of 75 s to ensure full formation of the electric
double layer. About 500e600 individual Raman spectra were
recorded and averaged. To visualize the shift of the G-modes with
charge accumulation, that is, changing Fermi level of the SWCNTs,
each averaged spectrum was normalized with respect to the Gþ-
mode and plotted as a function of the applied gate-voltage as
shown in Fig. 3eeh. The Gþ-mode shifts of the small diameter
SWCNTs become clearly visible in Fig. 4a. Note that all data were
collected from networks of semi-aligned and bundled SWCNTs.
SWCNT bundles exhibit slightly different RBM wavenumbers,
widths and intensities compared to individual nanotubes and some
effects of bundling on the D/G ratiowere reported [57,58]. However,
the degree of bundling was similar for all samples and we recorded
the averaged Gþ-mode shift depending on gate voltage over a large
area. While charging of a bundle may differ slightly compared to a
single nanotube the effect should be negligible here. We also
excluded any effect of intercalation by electrolyte ions into the
bundles because the RBMwavenumbers were constant throughout
the gate voltage sweeps and the Gþ-mode did not change before
and after a VG sweep (see Supplementary Information, Fig. S11).

It is evident that the gate-voltage dependent frequency shift of
the Gþ-mode strongly and systematically depends on the diameter
of the investigated nanotubes. For the very small diameter (6,5)
SWCNTs (Fig. 3e) the Gþ-mode redshifts with increasing hole as
well as electron doping. For large diameter SWCNTs (Fig. 3h) we
find an overall upshift of u(Gþ) with increasing doping level. The
blue-shift of u(Gþ) with hole doping becomes much more pro-
nounced from smaller to larger SWCNT diameters. The frequency
shift of the G�-mode with doping is difficult to determine for the
two smallest diameter nanotubes as its intensity decreases strongly
compared to the Gþ-mode. For the (10,5) nanotubes the expected
upshift is observed for both hole and electron doping. The D- and
2D-modes showed the previously observed [25,26] frequency shifts
and decrease of intensity (see Supplementary Information,
Fig. S12e16) with doping.

To exclude the effect of sample heating by high drain currents
even at very low drain voltages and thus any possible influence of
increased temperature on the Raman spectra [59,60], we per-
formed the same gate-voltage dependent Raman measurements
with grounded source and drain electrodes and thus no source-
drain current. The same gate-voltage dependent behaviour of the
Raman spectra and the Gþ-mode shifts was found and any possible
heating effects were thus negligible. We can also exclude laser
induced heating, that would redshift and broaden the Gþ-mode
[61] as the laser power was kept well below 1 mW/mm2 spot size
and was the same for all measurements during a VG sweep.
er-sorted nanotubes of different diameters (aed). In addition, drain currents were
e and capacitive charging) were similar to off-current values. (A colour version of this



Fig. 3. Averaged Raman spectra of a) (6,5) SWCNT, b) (7,5) SWCNT, c) (10,5) SWCNT and d) mixed SWCNT network in RBM (inset) and G-mode region with 532 nm, 633 nm and
785 nm laser excitation, respectively. Approximately 3000 spectra were recorded over an area of 250 � 18 mm2 in the channel region of the transistors, baseline corrected and
averaged. (eeh). Hyperspectral maps of G-mode shift with gate-voltage for each network. Over 500 spectra were collected for each voltage step, baseline corrected, averaged and
normalized to the Gþ-mode. (A colour version of this figure can be viewed online.)

Fig. 4. a) Average Gþ-mode frequency shifts versus VG ¼ 0 V and b) change of line-
width (G) at different applied gate-voltages for SWCNT networks with different di-
ameters. For individual data sets with error-bars see Supplementary Information
Fig. S12eS16. (A colour version of this figure can be viewed online.)
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Because the different nanotube species were sorted with
different conjugated polymers (e.g. PFO-BPy for (6,5) and PFO for
(7,5) nanotubes) it was necessary to exclude the influence of the
polymer on the doping dependent Gþ-mode shift. To check this, the
large diameter plasma torch nanotubes that were usually dispersed
with PF12 were also dispersed with PFO-BPy. The diameter distri-
bution of the dispersed and purified large diameter semi-
conducting SWCNTs was slightly wider (1.07e1.59 nm) compared
to the PF12 dispersions. Also, these networks showed small
amounts of metallic SWCNTswhen excitedwith a 633 nm laser (see
Supplementary Information Fig. S7). Yet, the doping dependent
Raman shift of the Gþ-mode (excitation of only semiconducting
SWCNT at 785 nm) remained the same. Hence, at least for this
combination the influence of the wrapping polymer could be
excluded. Note that for nanotubes wrapped and sorted with con-
jugated polymers with much stronger electron-accepting or
donating character [1,62] this assumption may not hold anymore.

Fig. 4 shows a summary of the doping dependent Gþ-mode
frequency shifts compared to VG ¼ 0 V for the different nanotube
diameters as u(Gþ)- u(Gþ)VG¼0V, as well as the change of the Gþ-
mode linewidth as G-G0. Due to the large area measurements the
standard deviations in particular for the fitted Gþ-mode wave-
numbers are very small (see Supplementary Information,
Fig. S12eS16) and even small shifts are statistically relevant and
reproducible.

As already pointed out for Fig. 3 the Gþ-mode shifts significantly
toward lower frequencies for hole doping of the (6,5) SWCNTs
(green line and squares, Fig. 4a). The magnitude of the red-shift
decreases for the (7,5) nanotubes (red line and squares) with a
slightly larger diameter. For larger hole concentrations an overall
blue-shift is observed. Note that the onset voltage for hole transport
in both devices was around�0.45 V to�0.7 V and thus the red-shift
follows the hole accumulation. The (10,5) nanotubes (blue line and
squares) with a much larger diameter still show a small red-shift at
low hole concentrations followed by a relatively large blue-shift at
higher negative gate-voltages. All of these nanotube networks
exhibit a significant red-shift for electron accumulation. The mixed
large diameter semiconducting nanotubes also show a small red-
shift similar to the (10,5) nanotubes and an even larger blue-shift
at higher hole concentrations as expected for their smaller
bandgaps. This blueshift is mirrored for electron doping in contrast
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to the clear red-shift for all other nanotubes. Note that larger Gþ-
mode shifts (up to over 1600 cm�1) are possible by chemical
treatment e.g. with SOCl2 [63]. In contrast to that the shift of the
Gþ-mode in our electrolyte-gated devices is highly reversible and
reproducible without the introduction of chemical defects (see
Fig. S16). We also observe a broadening of the Gþ-mode for all
nanotube networks and charge carriers in agreement with previous
experimental results [17,22], this broadening seems to increase
somewhat with diameter (Fig. 4b).

It is clear that all nanotubes show an unexpected phonon soft-
ening at low hole concentrations that increases substantially with
decreasing diameter and thus with larger curvature strain. While
the larger diameter nanotubes generally follow the previously
observed trends for SWCNTs with diameters larger than 1.3 nm
[22,30] they also reveal details that were not so obvious before. As
described above the current theories for electron-phonon coupling
in semiconducting SWCNTs only predict an upshift of the Gþ-mode
for hole doping based on non-adiabatic as well as static effects. We
can excluded the Kohn-anomaly effect as a possible cause because
it only occurs in metallic systems [45]. We thus hypothesize that
the lattice relaxation of doped nanotubes with very small diameters
differs significantly from the assumptions made for nanotubes
regarded as rolled-up sheets of graphene with additional confine-
ment effects. A lengthening of bonds in certain directions with
doping and thus phonon softening as observed here seems
possible. Such effects would need to be calculated for specific chi-
ralities as shown for electron doping by Margine et al. [40].
Together with the reduced phonon renormalization for smaller
diameters such effects may explain the diameter dependent change
of the Gþ-mode shift with hole doping. However, in addition to
more realistic theoretical models of small diameter nanotubes,
doping-dependent resonant Raman studies of a broader range of
purified semiconducting SWCNTs with different chiralities and di-
ameters will be necessary to further confirm and extend these
findings. With the recent availability of such nanotube samples, e.g.
by chromatography [64] or aqueous two-polymer phase extraction
[65], this should be feasible.

4. Conclusions

In-situ Raman spectroscopy of electrolyte-gated networks of
polymer-sorted small-diameter semiconducting SWCNTs reveal
unexpected doping-dependent frequency shifts of the Gþ-mode. In
contrast to previous experimental data on large diameter nano-
tubes and current electron-phonon coupling theories we find a
pronounced red-shift (phonon softening) of the Gþ-mode at low to
medium hole concentrations before an upshift occurs for larger
hole concentrations. The red-shift is strongest for nanotubes with
very small diameters, i.e., the (6,5) nanotubes, and decreases with
increasing diameter. The pronounced dependence of the Gþ-mode
shifts on the diameter of the semiconducting nanotubes suggests
that curvature effects start to play a significant role that are usually
neglected when modelling the impact of doping on SWCNT pho-
nons. Further experimental studies with a range of monochiral
SWCNT networks and refined theoretical models are necessary to
fully understand the interplay of diameter and electron-phonon
coupling in semiconducting single-walled carbon nanotubes.
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